The fine structural distribution of the enzyme-neutral endopeptidase EC 3.4. 24.11 (enkephalinase) was examined by immunoradioautography (using an iodinated monoclonal antibody) and peroxidase immunocytochemistry (using the same probe in nonradioactive form) in the neostriatum of the rat. At the light microscopic level, both techniques revealed a heterogeneous distribution of immunoreactive enkephalinase in the caudoputamen, characterized by the presence of patches of intense immunolabeling prominent against a relatively strong immunoreactive matrix, a pattern reminiscent of mu opioid receptors radioautographically labeled in the same region. Pilot experiments indicated that fixation of the brain with a mixture of 4% paraformaldehyde, 0.05% glutaraldehyde, and 0.2% picric acid did not modify the distribution and only slightly reduced the intensity of striatal enkephalinase antigenicity, provided that the postfixation period did not exceed 1 hr. In the neostriatum of animals fixed according to this protocol, enkephalinase immunoreactivity was found by electron microscopic immunoradioautography to be exclusively confined to neuronal and glial membrane interfaces. lmmunoperoxidase cytochemistry confirmed the association of immunoreactive enkephalinase with the plasma membrane of neurons and, to a lesser extent, of astrocytes and oligodendrocytes. Both immunoradioautographic and immunoperoxidase techniques revealed a predominant association of the enzyme with neuronal perikarya and dendrites. The morphological features of the labeled perikarya, together with the presence of immunoreactive dendritic spines, suggested that some of these neurons corresponded to striatofugal medium spiny neurons. lmmunoreactive enkephalinase was also detected at the level of myelinated and unmyelinated axons and axon terminals. These axons could potentially have originated from intrinsic striatal neurons or from the substantia nigra. Statistical analysis of silver grain distribution in electron microscopic immunoradioautographs indicated that immunoreactive enkephalinase was not preferentially concentrated at the level of specific membrane interfaces, but rather, was more or less uniformly distributed on the surface of neurons and/or glial cells. A similarly diffuse localization of the enzyme was apparent in peroxidase-reacted material, though the latter technique also revealed a microheterogeneity in the deposition of the reaction product along the labeled membranes.
Finally, quantitative analysis of immunoradioautographs clearly indicated an absence of enkephalinase enrichment at the level of synaptic junctions. The similarity between the light and electron microscopic distribution of enkephalinase observed in the present study, and that previously reported for mu opioid receptors, lends support to the concept that this ectoenzyme may be involved in the inactivation of endogenous opioids in the mammalian neostriatum.
The discovery of endogenous opioid peptides in the mammalian CNS rapidly led to a search for enzymes implicated in the inactivation of their presumptive neurotransmitter action (for a review, see Schwartz et al., 198 I; Hersh, 1982; McKelvy, 1983) . One such enzyme was characterized in rat brain homogenates by Malfroy et al. (1978) and was given the name "enkephalinase" on the basis of its localization and ability to cleave the Gly-3, Phe-4 amide bond of enkephalins. Further studies confirmed the implication of enkephalinase, later referred to as membrane metalloendopeptidase and numbered EC 3.4.24.11 by the enzyme commission (1988) , in the biological inactivation of opioid peptides in vivo (for reviews, see Schwartz, 1983 Schwartz, ,1988 Schwartz et al., 1985; Lynch and Snyder, 1986; McKelvy and Blumberg, 1986) . However, other experiments indicated that this enzyme did not display narrow substrate specificity for opioid peptides but could cleave other neuropeptides such as bradykinin (Swerts etal., 1979; Gaffordet al., 1983; Stephensonand Kenny, 1987a) , angiotensin II Gafford et al., 1983; Stephenson and Kenny, 1987a) , substance P and other tachykinins (Matsas et al., 1984 (Matsas et al., , 1986 Stephenson and Kenny, 1987a) , neurotensin (Checler et al., 1983) , atria1 natriuretic peptide (Stephenson and Kenny, 1987b; Sonnenberg et al., 1988; Gros et al., 1989) , and cholecystokinin (Zuzel et al., 1985) in vitro. Furthermore, recent evidence suggests that such catalytic activity might be implicated in the in vivo biological inactivation of at least some of these peptides (Dubuc et al., 1989; Gros et al., 1989) . It follows that the anatomical localization of enkephalinase relative to the sites of release and/or action of these different neuropeptides may play a critical role in determining the physiological implication of the enzymes in their inactivation.
Early studies based on the measurement of enkephalinase activity in mouse (Malfroy et al., 1978 (Malfroy et al., , 1979 , pig (Relton et al., 1983) and human (Llorens-Cortes et al., 1982) brain homogenates demonstrated a highly heterogeneous distribution of this enzyme in the mammalian CNS. Further work, based on the autoradiographic localization of selectively bound 3H-labeled enkephalinase inhibitors (Waksman et al., 1984 (Waksman et al., , 1986a Pollard et al., 1987a) or on the immunohistochemical localization of either monoclonal (Gros et al., 1985; Matsas et al., 1986; Pollard et al., 1987a Pollard et al., , b, 1989a or polyclonal (Barnes et al., 1988a) antibodies raised against the enzyme, confirmed these biochemical findings and provided detailed information concerning the topographic localization of enkephalinase in the rat and pig CNS. Radioautographic and immunohistochemical data also provided strong evidence for an association of the enzyme with selective neuronal populations.
For example, distinct laminar distributions of enkephalinase activity were observed within the cerebral cortex, hippocampal formation, and gray matter of the spinal cord (Waksman et al., 1986a; Pollard et al., 1987b Pollard et al., , 1989a , while selective immunolabeling patterns were detected at the level of certain brainstem nuclei (Pollard et al., 1989a) . Also, intense enkephalinase activity was observed over fiber bundles linking the neostriatum to the globus pallidus, the entopeduncular nucleus, and the substantia nigra (Waksman et al., 1986b (Waksman et al., , 1987 Pollard et al., 1987b; Barnes et al., 1988a) . Additional lines of evidence supporting the concept of a neuronal localization of enkephalinase include the presence of intense peptidase activity within synaptosomal membrane fractions (Alstein and Vogel, 1980; De la Baume et al., 198 1) and the decrease of enkephalinase activity (Malfroy et al., 1979) enkephalinase immunoreactivity (Pollard et al., 1987b) , and binding of enkephalinase inhibitors (Waksman, 1986b (Waksman, , 1987 observed after intracerebral injections of neurotoxins. Whether enkephalinase is also associated with glial components in the CNS remains a matter of controversy. The absence of enkephalinase immunoreactivity and of specific enkephalinase-inhibitor binding over major myelinated fiber bundles, such as the corpus callosum or the fornix, argues against an overall expression of the enzyme by oligodendrocytes.
However, enkephalinase immunoreactivity has been observed over myelinated fascicles of the trigeminal nerve, as well as over Schwann cells in pig peripheral nerves (Matsas et al., 1986) . Moreover, enkephalinase activity has been detected in primary cultures of astrocytes from the rat brain and has long been known to be associated in vivo with specialized glial elements, including choroid plexuses and ependymal cells (Gros et al., 1985; Schwartz et al., 1986a, b) .
A recent electron microscopic immunocytochemical study of the globus pallidus of the pig has localized enkephalinase to the plasma membrane of axons and axon terminals, but not of dendrites or glial cells (Barnes et al., 1988b) . Further ultrastructural studies in other brain regions and/or in different mammalian species are obviously needed to better document the cellular and subcellular distribution of this enzyme in the mammalian CNS. In the present study, the fine structural distribution of enkephalinase was investigated in the rat neostriatum by means of a specific monoclonal antibody (Ronco et al., 1986 ) previously used for detailed immunoradioautographic mapping of this enzyme in the rat CNS (Pollard et al., 1987a (Pollard et al., , b, 1989a . The antibody was used either in iodinated form and revealed using high resolution radioautography or in nonradioactive form and visualized by the PAP technique. The aim of our investigation was 3-fold: (1) to investigate whether the enzyme was selectively associated with neurons or was also present in glia, (2) to determine whether it was confined to plasma membranes, and (3) to identify the neuronal and/or glial elements with which it was associated.
Materials and Methods
Monoclonal antibodies against enkephalinase. The present localization studies were performed using the IgG 1 monoclonal mAb 85A2 in either iodinated or nonradioactive form. The antibody was raised by immunization of mice with rabbit kidney proximal tubule cells (Ronco et al., 1986) purified by ion-exchange chromatography, and iodinated (specific activity, 8 &i/pg) by the chloramine T method as described elsewhere (McConahey and Dixon, 1966) . The specificities of both iodinated and noniodinated forms of the antibody have been characterized in detail elsewhere (Pollard et al., 1987a; Ronco et al., 1988) .
Effects offiation on enkephalinase immunoreactivity. In a first series of experiments designed to assess the effects of fixation on enkephalinase antigenicity, adult male Sprague-Dawley rats (180-200 gm; n = 18) were anesthetized with chloral hydrate (350 mg'kg, i.p.) and perfused transcardially with a series of aldehyde mixtures in 0.1 M Sorensen buffer (Table 1 ). All solutions were perfused at a temperature of lO-15°C through a manostat varistaltic pump at a flow rate of 150 ml/min for 3 min and of 75 ml/min for 4 additional min. Immediately after perfusion, the brain was removed from the skull and postfixed by immersion in the same fixative for 1 or 2 hr at room temperature (Table 1) . It was then transferred overnight to a 30% sucrose solution in 0.1 M Sorensen buffer and snap frozen by immersion in isopentane at -40°C for 30 sec. Control animals were killed by decapitation, and their brains were immediately frozen as described. All brains were serially sectioned through the neostriatum on a cryostat. Sections (20 pm thick) were mounted onto 2% gelatin-coated glass slides and directly incubated with 200 ~1 of (12SI)-iodinated monocIona1 antibody (12SI-mAb 85A2, 5 x lo5 corn/ml) diluted in 0.1 M ohosuhate buffer containing 0.2% BSA (pH j.4) for' 3 hr at room temperature. The sections were-then rinsed 3 x 3 min in the same buffer, briefly washed in distilled water, air dried under cool air, and radioautographed by apposition to tritium-sensitive film (Amersham). The films were developed in Kodak GBX after 3 days of exposure.
Immunoradioautography. For intraregional localization of the label, 5-pm-thick cryostat sections from the neostriatum offresh-frozen brains were first incubated with lZ51-mAb 85A2 as described above and then fixed for 30 min by immersion in a 4% solution of glutaraldehyde in 50 mM Sorensen buffer at room temperature. The sections were then dehydrated in graded ethanols, defatted in xylene, and rehydrated through an inverse series of ethanols. They were coated by dipping in Kodak NTB-2 nuclear emulsion diluted 1:l in distilled water, developed in Dektol (Kodak) after 2 weeks of radioautographic exposure, and stained with Cresyl violet.
For cellular and subcellular localization of the label, animals (n = 6) were perfused with a mixture of 4% paraformaldehyde, 0.05% glutaraldehyde, and 0.2% picric acid, and the brain postfixed for 1 hr by immersion in the same fixative. The neostriatum was then blocked off and serially sectioned in the coronal plane with a vibrating microtome (Vibratome). Sections (30 Km thick) were collected in cold 0.1 M phosphate buffer, rinsed in the same buffer containing 0.2% BSA, and incubated with 1251-mAb 85A2 (5 x lo5 cpm/ml) for 3 hr at room temperature. For rapid assessment of the immune reaction, a few sections were mounted onto gelatinized glass slides and radioautographed by apposition to tritium-sensitive film. All other sections were postfixed for 1 hr with 2% 0~0, in 0.1 M phosphate buffer containing 7% dextrose, stained en bloc with 2% uranyl acetate for 1.5 hr, dehydrated in graded ethanols, and flat-embedded in Epon between plastic coverslips. The sections were then trimmed to sample the dorsal-lateral quadrant of the neostriatum and reembedded in Beem capsules.
For light microscopy, semithin sections (1 pm thick) were cut from the surface of each capsule, collected on acid-washed glass slides, coated by dipping in Kodak NTB-2 nuclear emulsion diluted 1: 1 in distilled water, and developed in D-19 after 6 weeks of radioautographic exposure.
For electron microscopy, sections (80 nm thick) were cut from the same Epon blocks, collected on parlodion-coated slides, double stained with uranyl acetate and lead citrate, carbon coated, and radioautographed by dipping into Ilford L4 emulsion diluted 1:4 in distilled water. After 10 weeks of exposure, the radioautograms were developed in Kodak D-19 (1 min at 20"(Z), fixed in 30% sodium thiosulfate (10 min at 2O"C), picked up on bare 200 mesh copper grids, and examined with a Jeol IOOCX electron microscope after the parlodion membrane was thinned in amyl acetate. Analysis ofthe radioautograms. Quantitative analysis of electron microscopic radioautogorams was carried out in 1 thin section from each animal (n = 6). In each case, 1 grid square (0.1 mm2) was systematically scanned and every labeled site photographed at an initial magnification of 10,000 x The distribution of silver grains was analyzed using a 50% probability circle method modified from Williams (1969) and described in detail elsewhere (Hamel and Beaudet, 1987; Dana et al., 1989) . The diameter of the resolution circle was determined after Blackett and Parry (1977) (3.4 x halfdistance) using a half distance (HD) of 90 nm (Salpeter et al., 1978) . The resolution circles, drawn on a transparent overlay, were centered over each grain (n = 6 lo), and every structure (exclusive grains) or combination of structures (shared grains) included therein was recorded and tabulated. A population of hypothetical grains (n = 2345) was then created by superimposing over the same series of micrographs a regular array of resolution circles of the same diameter as the ones used to score real grains. The distribution of these hypothetical grains was then compared with that of real grains using a x2 test. To reduce the number of compartments in the analysis, grains originally ascribed to 3-structure compartments were redistributed within 2-structure ones according to the original labeling frequency of each pair of structures seen within the resolution circle. In a further analysis, grains overlying 2 or more profiles of which 1 could not be identified were redistributed within compartments containing those elements that were identified proportionally to their original labeling frequency.
Immunocytochemistry. In 4 other animals perfused with a mixture of 4% paraformaldehyde, 0.05% glutaraldehyde, and 0.2% picric acid, the brains were postfixed by immersion for 1 hr in the same fixative and processed for double-bridge peroxidase-antiperoxidase immunocytochemistry. Vibratome-cut sections (30 pm thick) from the neostriaturn were incubated with nonradioactive mAb 85A2 (3.5 mg/ml diluted 1:2000 in 0.1 M phosphate buffer containing 0.2% BSA) for 3 hr at room temperature, rinsed 3 x 3 min in the same buffer, and sequentially incubated at room temperature with: (1) a I:50 dilution of goat antimouse IgGs (ICN Immuno-Biomedicals) for 30 min. and (b) a I:500 dilution of mbnoclonal mouse (PAP) complex (ICN Immuno:Biomedicals), also for 30 min. These 2 steps were then repeated. All dilutions and rinses (2 x 8 min between each step) were made in 0.1 M phosphate buffer containing 0.2% BSA. Control sections were processed in parallel, leaving out the primary antibody. The peroxidase was reacted for 6 min with 0.05% 3-3'-diaminobenzidine in 0.1 M Tris-HCI buffer containing 0.01% HzO,. The sections were then briefly rinsed in distilled water and processed for either light or electron microscopy.
For light microscopy, the sections were mounted onto gelatin-coated slides, dehydrated in graded ethanols, defatted in xylene, and coverslipped.
For electron microscopy, the sections were postfixed for 1 hr with 2% 0~0, in 0.1 M phosphate buffer containing 7% dextrose, dehydrated in graded ethanols, and flat-embedded in Epon between 2 plastic coverslips. After a first polymerization, the sections were trimmed down to size and reembedded in Beem capsules. Following further polymerization, the blocks were trimmed and silver-gold thin sections were cut from their surface with an ultramicrotome (Reichert) and collected on bare 200 mesh copper grids. All sections were sampled from the dorsolateral caudoputamen and included at least 1 patch of high labeling density. They were then stained with 2.5% uranyl acetate diluted in 50% ethanol and examined with a JEOL IOOCX electron microscope.
Results

Light microscopy
Film radioautograms of 20-pm-thick fresh-frozen sections incubated with l*SI-mAb 85A2 antibodies exhibited intense immunostaining throughout the neostriatum, nucleus accumbens, and globus pallidus (Fig. la) . In the neostriatum, the labeling spared the myelinated fascicles of the internal capsule and was characteristically more intense in the ventrolateral as opposed to the dorsomedial aspect of the structure (Fig. 1 a) . In addition, small and irregular patches of intense immunoreactivity were occasionally apparent against the dense matrix staining. Labeling in the nucleus accumbens and globus pallidus was uniformly dense throughout.
Sections fixed with a mixture of 4% paraformaldehyde, 0.2% picric acid, and 0.05% glutaraldehyde exhibited a labeling pattern comparable in density and distribution to that observed in fresh-frozen material, provided that the tissue had not been postfixed by immersion for more than 1 hr (Fig. lb, Table 1 ). In sections postfixed for longer periods of time or fixed with an aldehyde mixture containing higher concentrations of glutaraldehyde, the immunolabeling was either substantially reduced or virtually abolished (Table 1) .
In 5-pm-thick sections radioautographed according to conventional dipping techniques, the distribution of enkephalinase immunoreactivity was similar to that observed in film radioautograms, except for the patches of dense immunoreactivity, which stood out more clearly against the background staining (Fig. lc) . These patches were most apparent in the dorsal aspect of the neostriatum and usually engulfed 1 or several myelinated fiber bundles. A streak of intense immunolabeling was also apparent immediately beneath the corpus callosum (Fig. lc) . The nucleus accumbens, globus pallidus, and ventral tier of the neostriatum appeared as intensely and homogeneously labeled as in the film radioautograms.
Twenty-pm-thick, aldehyde-fixed sections reacted with PAP/ DAB exhibited an immunolabeling pattern comparable to that seen in radioautographically processed material (Fig. Id) . In particular, patches of intense immunoreactivity, as well as a dense subcallosal immunoreactive streak, were apparent throughout the dorsal aspect of the nucleus (Fig. 16) . Also as in radioautograms, the labeling was more homogeneous and more intense within the ventrolateral tier of the neostriatum and adjoining nucleus accumbens than in the dorsomedial aspect of the structure.
In light microscopic radioautograms from l-pm-thick sections taken from the surface of lZ51-mAb 85A2-incubated slices, the label was detected in the form of individual silver grains scattered over the neuropil. As in the frozen sections, islands of dense immunostaining were prominent against zones of weaker immunoreactivity (Fig. 2~) . At high magnification, the label was found to pervade the entire neuropil but selectively spare the cytoplasm of cross-sectioned neuronal perikarya (Fig. 2b) . Occasionally, however, silver grains were detected alongside the plasma membrane of neuronal perikarya and/or proximal dendrites (Fig. 2~) . Only sparse silver grains were apparent over fibers of the internal capsule. Intraparenchymal blood vessels were usually' devoid of labeling.
Electron microscopy In electron microscopic radioautograms from 1251-mAb 85A2-incubated sections, the radioactivity was detected in the form of isolated silver grains scattered over the neuropil. By probability circle analysis, approximately 90% of these grains were found to overlie 2 or more apposed cellular elements (shared grains). The remaining 10% were found inside neuronal or glial structures (exclusive grains; Table 2), though often at a short distance (albeit longer than the radius of the resolution circle) from a plasma membrane. This distribution was significantly different 0, I 0.001) from that of uniformly dispersed hypothetical grains of which more than 25% were classified as exclusive (Table 2 ). Both sections exhibit comparable labeling patterns. In the neostriatum, the labeling is more pronounced ventrolaterally than medially. Note the presence of ill-defined patches of high labeling density (arrows). c, Radioautogram of a 5-pm-thick fresh-frozen section incubated with W-mAb 85A2 and processed using conventional dipping techniques (dark field). The labeling shows the same lateromedial gradient as on film. However, the patches of high labeling density (arrows) stand out much more clearly against the matrix labeling. The ventral pallidum (VP) is also labeled. d, PAP/DAB-immunoreacted 30-wrn-thick aldehyde-fixed, vibratome-cut section incubated with cold mAb 85A2. The pattern of enkephalinase immunoreactivity is comparable to that observed in radioautograms. Here again, dense patches (arrows) are visible against a less intensely reactive matrix. Scale bar, 750 pm. cc, corpus callosum; ac, anterior commissure.
As can be seen in Table 2 , the vast majority of shared grains was associated with neuronal interfaces, implicating the plasma membrane of dendritic shafts, branchlets, or spines (Figs. 3-5) . In fact, after repartition of unknowns (and normalization to 100; see Table 3 ), axo-dendritic (Figs. 3~; 4, a, e; 5, u-c), dendrodendritic (Figs. 3b, 4a) , and dendro-glial (Fig. 4b) interfaces together accounted for almost 65% of the shared grains. However, comparison with similarly analyzed hypothetical grains indicated that interfaces involving dendrites also showed the highest frequency of occurrence in tissue (60% ; Table 3 ). Dendrite-associated grains were usually seen in isolation, though several could be associated with a single dendritic profile (Figs.  3c, 4~ ). Most were detected at the level of appositions with axon terminals (Table 2 Only sparse silver grains are detected over myelinated fascicles of the internal capsule (Zc). Scale bars, 20 pm. formly distributed hypothetical shared grains (28%). Labeled synapses were usually of the asymmetrical variety (Fig. 5) . Typically, the label did not overlie the synaptic density itself but lay immediately adjacent to it (Fig. 5, a, b) .
A significant proportion of the silver grains was associated with interfaces between axon terminals and nondendritic ele- Two silver grains overlie the plasma membranes of an axon terminal (r) and abutting cross-sectioned dendrite (0). No synaptic specialization is apparent at the site of labeling. b, Silver grain localized at the interface between 2 dendritic shafts (DI, 02). c, Dendritic shaft showing 2 different labeled loci along its plasma membrane. The 2 grains on the left are facing an axially oriented unmyelinated axon, and the grain on the right is located at the level of an axon terminal. Scale bars, 0.5 pm.
ments, namely other axon terminals (Fig. 4 , a, c, e, A, small unmyelinated axons, and astrocytic leaflets ( Table 2) . As a whole, the labeling frequency of these different compartments was comparable to that observed in the case of hypothetical shared grains (Table 3) . Labeled unmyelinated axons were usually small and often ran in bundles amongst myelinated ones (Fig. 44 . In some instances, they were partially filled with synaptic vesicles, which made it difficult to differentiate them from axonal varicosities. Approximately 5% of both real and hypothetical grains were associated with myelinated axons (Table 2, Fig. 4~ ). In both cases, the grains were localized mainly at the interface between the axonal membrane and the inner leaflet of the myelin sheath (Fig. 4~) . A few also overlaid the membrane of unmyelinated axons lying immediately adjacent to the outer leaflet of myelinated ones.
Finally, neuronal cell bodies were only rarely labeled, and silver grains detected over their membrane showed no obvious predilection for any given abutting element.
In thin sections from PAP-reacted material, enkephalinase immunoreactivity was detected in the form of an electron-dense precipitate bordering neuronal and glial plasma membranes (Fig.  6, a, b) . By contrast, sections incubated in the absence of primary antibody showed no apparent intensification of plasma membranes (Fig. 6~) . The overall pattern of immunostaining was characterized by the juxtaposition of fields in which most cellular profiles showed some degree of immunolabeling interrupted by zones that were virtually label-free. Labeled elements included medium-sized nerve cell bodies (Fig. 7a) , dendritic shafts, branchlets, and spines (Figs. 6-8 ), axon terminals (Figs.  6-8) , and cross-sectioned unmyelinated axons (Fig. 6, a, b) . . Electron microscopic radioautograms from sections of rat neostriatum incubated with 1251-mAb 85A2. a, Longitudinally sectioned dendritic shaft (DI) showing 2 different labeled loci along its plasma membrane. The upper grains also overlap a vesicle-filled axonal varicosity (r). The lower grains are seen opposite a second dendritic shaft (02). b, The probability circle associated with this silver grain includes a crosssectioned dendrite (D) and an ensheathing astrocytic process (As). c, Silver grain located at the interface between a longitudinally sectioned axon and its myelin sheath. d, Small bundle of labeled unmyelinated axons running among myelinated ones. e, Silver grain lying at a nondifferentiated axo-dendritic interface. 1; Labeled axo-axonic interfaces. The 2 grains overlap adjacent varicose axons. The varicosity on the right establishes a synaptic contact with a small dendritic spine. In the case of the upper grain, the resolution circle also encompasses a small cross-sectioned dendritic spine. Scale bars, 0.5 urn. Figure 5 . Electron microscopic radioautograms from sections of rat neostriatum incubated with 12SI-mAb 85A2, showing labeled axo-dendritic synapses. All labeled synapses are of the asymmetrical variety (arrows) . Synapses in a are established on dendritic branchlets or cross-sectioned spines. The labeled synapse in b is established on the tir, of a slender thorn (arrowheads) and, in c, on a cross-sectioned dendritic shaft which also receives an unlabeled contact (arrowheads). Scale bars, 0.5 pm.
More rarely, immunoreactivity was also apparent along the plasma membrane of oligodendrocytes (Fig. 84 or of thin, astrocytic leaflets (Fig. 8a) . When labeled, neuronal or glial profiles usually showed immunoreactive deposits along most of their contour (Figs. 7, a, b; 8~) . However, the density of the reaction product was usually the highest along those parts of the membrane directly apposing another labeled element (Figs. 7, c, d; 8, a, b) . At high magnification, these labeled interfaces were quite distinct, and the intervening extracellular space was usually devoid of immunoprecipitate (Fig. 8, u-c) . The reaction product also appeared interrupted, giving the labeled membranes a dashedline appearance (Fig. 8, u-c) . This effect was further enhanced by the parallelism of dashes and spaces along opposite membranes (Fig. 8b) .
The presence or absence of immunoreactivity at the level of synaptic junctions was difficult to ascertain, given the natural electron density of synaptic specializations in DAB-reacted material. However, there was no obvious increase in either the width or the density of membrane differentiations at the level of synaptic contacts (Figs. 6, a, b; 8~ ).
Discussion Topographic distribution of enkephalinase immunoreactivity
Although raised against rabbit kidney, the IgGl monoclonal antibody used in the present study for light and electron microscopic visualization of enkephalinase had previously been shown to react with rat brain enkephalinase (Pollard et al., 1987a, b; Ronco et al., 1986 Ronco et al., , 1988 . Accordingly, the regional distribution of the enzyme, as assessed here by immunoradioautography in unfixed sections of rat basal ganglia, broadly conformed to that previously observed by immunohistochemistry using the same antibody (Pollard et al., 1989a) or by radioautography after binding of the tritiated inhibitors of the enzyme 3H-HA-COB-gly or 3H-thiorphan (Waksman et al., 1986a, b; Pollard et al., 1987b) . The presence of dense enkephalinase immunolabeling in the nebstriatum, nucleus accumbens, and ventral pallidum was also in keeping with the results of earlier biochemical assays that had shown an intense activity of the enzyme within these areas (Llorenz-Cortes et al., 1982; Malfroy et al., 1979) .
Within the neostriatum, patches of high enkephalinase im- Figure 7 . Electron microscopic localization of enkephalinase immunoreactivity revealed by the PAP method. The immunoreactivity is detected in the form of an electron-dense precipitate bordering plasma membranes. a, A dense PAP deposit (arrowheads) is visible along the plasma membrane of a nerve cell body (S). Note that abutting elements are also labeled at the site of apposition. b, Cross-sectioned dendritic shaft (0) showing a similar pattern of immunolabeling. c and d, Immunoreactive dendritic shafts (D). The immunostaining is most pronounced (arrowheads) at the interface with labeled axon terminals (c, Tl, T2) or other labeled dendrites (d, DI, 02). Scale bars, 0.5 pm. munoreactivity were apparent against an already fairly dense matrix labeling. These patches were most evident in 5-pm-thick sections radioautographed by dipping, but were also discernible in DAB-reacted material and in film radioautograms, provided that these were developed after a short duration of exposure. Indeed, prolongation of the radioautographic exposure resulted in a loss of contrast between patches and matrix, which probably explains why these zones of higher immunoreactivity had previously escaped detection in the rat. They had, however, been described in the pig, where they were found to correspond to t acetylcholinesterase-poor striatal compartments (i.e., striosomes; Barnes et al., 1988a) . Preliminary observations in the rat suggest that in this species, as well, patches of dense enkephalinase immunoreactivity correspond to striosomes, as defined by mu opioid receptor binding (Marcel et ql., 1989) .
Fixation of the tissue with glutaraldehyde significantly reduced enkephalinase immunoreactivity in all regions examined. This loss of immunoreactivity was more pronounced as concentrations of glutaraldehyde were increased in the fixation medium. However, this loss was already apparent following pro- Figure 6 . Electron microscopic localization of enkephalinase immunoreactivity revealed by the PAP method. The immunoreactivity is detected in the form of an electron-dense precipitate bordering plasma membranes. a and b, Dendritic shafts (D), dendritic spines (sp), axon terminals (T'), and small cross-sectioned axons (A) in a field of enkephalinase immunolabeling. Note that the immunoreactivity is more pronounced over certain elements than over others and that the labeling is often interrupted along labeled processes (arrows). c, Control section processed by omitting the primary antibody. Note the absence of membrane densification except at the level of synaptic junctions. Scale bars, 0.5 pm. Figure 8 . Electron microscopic localization of enkephalinase immunoreactivity revealed by the PAP method. The immunoreactivity is detected in the form of an electron-dense precipitate bordering plasma membranes. a, Intensely labeled dendro-dendritic interface (arrow). Note the absence of reaction product in the intercellular space. One of the labeled dendrites is contacted by an axon terminal ensheathed by a thin, densely immunoreactive glial leaflet (arrowheads). Scale bar, 0.5 pm. b, Labeled axo-dendritic interface seen at high magnification. Note that the reaction product is interrupted, giving each of the apposed membranes a dashed-line appearance. This effect is enhanced by the parallelism of dashes and spaces along the two elements (arrowheads). Scale bar, 0.25 pm. c, Two apposed dendritic elements (DI, 02) show intense enkephalinase immunoreactivity along most of their contour (arrowheads). Scale bar, 0.5 pm. d, Oligodendrocyte showing zones of moderate immunostaining along its plasma membrane (arrowheads). Scale bar, 0.5 pm.
longed postfixation in solutions containing only low preservation. The topographic distribution of enkephalinase imconcentrations of the aldehyde. This effect may result from a munoreactivity in sections fixed with low concentrations of glustructural modification of the ectoenzyme secondary to crosstaraldehyde and postfixed for 1 hr or less was similar to that link with glutaraldehyde, as previously reported for other tissue observed in unfixed material. The intensity of the staining was antigens (see Beaudet and Descarries, 1987) . It could also reflect usually slightly lower than in fresh tissue sections, again prereduced accessibility of antigenic sites due to improved tissue sumably due to a loss or reduced accessibility of antigenic sites secondary to the use ofglutaraldehyde. The background staining was comparable to that observed in fresh-frozen material, which suggests that the antibody reacts poorly with free aldehyde groups.
Cellular and subcellular distribution of immunoreactive enkephalinase The striosomal distribution of enkephalinase immunoreactivity was readily apparent in 1 -pm-thick sections from Epon-embedded material. In addition, the high resolution afforded by this technique made it possible to determine that, both within and outside striosomes, the radioactivity was preferentially distributed over the neuropil and hence was mainly associated with neuronal and/or glial processes.
Probability circle analysis of silver grain distribution in the electron microscopic radioautographs indicated that more than 90% of the grains were shared (i.e., overlaid apposed cellular elements). This proportion corresponds to that expected, on the basis of line source analyses, to arise from a population of radioactive sources selectively associated with either 1 or both of the apposed plasma membranes (Dana et al., 1989) . In contrast, less than 75% of uniformly distributed hypothetical grains were associated with membrane interfaces, confirming that the observed membrane enrichment did not result from an overrepresentation of membrane compartments in our material.
Examination of PAP-reacted material confirmed the exclusive association of enkephalinase immunoreactivity with cellular plasma membranes. Such a localization is consistent with the results of subcellular fractionation studies in the rat, which have shown enkephalinase activity to be enriched in P2 membrane fractions (De la Baume et al., 198 l) , as well as results of immunocytochemical studies in the pig, which have demonstrated a selective association of the enzyme with plasma membranes in the globus pallidus (Barnes et al., 1988b) . Both acetylcholinesterase-and angiotensin-converting enzymes were likewise found to be predominantly associated with plasmalemma in the mammalian CNS (Hendersen and Greenfield, 1984; Pickel et al., 1986) . However, these 2 enzymes were also shown to be present in intracellular membrane systems (including the rough endoplasmic reticulum, Golgi apparatus, and large membrane-bound vesicles), which we did not find to be the case for enkephalinase. Interestingly, when visualized in the rat neostriatum by means of an enzymatic histochemical method, enkephalinase appeared to be mainly intraneuronal (Back and Gorenstein, 1989) . The failure of our antibody to detect intracellular enzymatic pools may reflect low intracellular stores of the enzyme or conformational changes such that the antiserum recognizes it only after more complete assembly within the plasma membrane.
Both radioautographic and PAP immunodetection methods revealed a predominant association of immunoreactive enkephalinase with neuronal elements. However, both the relative enrichment of neural-glial interfaces in radioautographs and the presence of peroxidase deposits along the plasma membrane of certain oligodendrocytes and astrocytic leaflets in PAP/DABreacted material indicated that part of the immunoreactive enzyme was also associated with glial cells. These results, though at variance with immunocytochemical observations in the pig globus pallidus (Barnes et al., 1988b) , are in keeping with earlier data showing an association of the enzyme with astrocytes from the chick or murine brain in culture (Horsthemke et al., 1983; or with Schwann cells in pig peripheral nerves (Matsas et al., 1986) . In fact, several ectoenzymes, including angiotensin-converting enzyme, have been shown to be present on glial as well as on neuronal elements in the mammalian CNS (Koshiya et al., 1984; Pickel et al., 1986) . Whether glia-associated enkephalinase subserves the same physiological role as the neural enzyme remains to be established.
Quantitative analysis of electron microscopic radioautographs revealed that the bulk of the immunoreactive enkephalinase was associated with neuronal interfaces involving dendrites. Peroxidase immunocytochemistry confirmed the presence of enkephalinase immunostaining along the plasma membrane of both dendritic shafts and dendritic spines. This finding is consistent with the marked decrease in enzymatic activity (Malfroy et al., 1979) , enkephalinase immunoreactivity (Pollard et al., 1987b) , and binding of tritiated enkephalinase inhibitors (Waksman et al., 1987) reported in the rat neostriatum following local injection of kainic acid. It also conforms to the presence of a large number of neostriatal perikarya reactive for enkephalinase in material processed by histochemistry (Back and Gorenstein, 1989) or found to express enkephalinase mRNA by in situ hybridization (Pollard et al., 1989b; Wilcox et al., 1989) . The fact that immunoreactive enkephalinase was found in the present study to be associated with both spiny dendrites and medium-sized neuronal perikarya suggests that at least some of these enkephalinase-containing neurons correspond to medium spiny neurons (i.e., to striatofugal neurons; for a review, see Graybiel and Ragsdale, 1983) . Consistent with this interpretation are the reports of intense labeling of striatofugal pathways in sections of pig (Barnes et al., 1988a) and rat (Pollard et al., 1987b (Pollard et al., , 1989a brain immunoreacted for enkephalinase, as well as the frequency with which interfaces between myelinated axons and their myelin sheaths were found to be labeled in our immunoradioautographic material. Also consistent with this view is the substantial drop in enkephalinase activity and binding of radiolabeled inhibitors recorded in the globus pallidus and substantia nigra following injection of kainic acid (Waksman et al., 1986b; Pollard et al., 1987b) or colchicine (Waksman et al., 1987) into the caudate putamen.
Part of the immunoreactive enkephalinase detected in the neostriatum was observed in association with axon terminals and unmyelinated axons. Some of these axons likely represent local arborizations of striatal projection neurons. Others could theoretically correspond to projections from the cerebral cortex, because the latter has been shown to contain both perikarya histochemically reactive for enkephalinase (Back and Gorenstein, 1989 ) and neurons hybridizing enkephalinase mRNA (Wilcox et al., 1989) . A cortical origin appears unlikely, however, given that cortical ablation was found to not modify the binding of the enkephalinase inhibitor 3H-HACBO-gly in the rat neostriatum (Waksman et al., 1987) . In contrast, lesions of the dopaminergic neostriatal pathway were found to induce a small but significant decrease of enkephalinase activity in rat striatal membranes, suggesting that a proportion of the enkephalinase-immunoreactive axons might be originating from the substantia nigra (Malfroy et al., 1979) . However, substantia nigra neurons are unlikely to contribute substantially to striatal enzymatic pools, given that no enkephalinase mRNA-hybridizing cells were found to be present in this area (Pollard et al., 1989b; Wilcox et al., 1989) and that no modification in the binding of enkephalinase inhibitors was detected in sections from rat neostriatum following selective destruction of the nigrostriatal pathway by 6-hydroxydopamine (Waksman et al., 1987 Quantitative analysis of electron microscopic radioautographs revealed that immunoreactive enkephalinase was not concentrated at the level of specific membrane interfaces but showed an overall distributional pattern comparable to that of shared hypothetical grains, implying a fairly diffuse investment of labeled plasma membranes. A similarly diffuse localization of the enzyme was apparent in peroxidase-reacted material, though it was also evident from the latter that the labeling was not uniformly intense throughout the surface ofimmunoreactive plasmalemmas. The fact that high labeling densities were often visible along those parts of the membrane directly apposing other labeled elements suggests that there could have been in vitro diffusion of the reaction product from one of the membranes to the next (Novikoff et al., 1972; Courtroy et al., 1983 (Kenny et al., 1987) .
In immunoperoxidase-reacted material, the natural electron density of postsynaptic membrane specializations made it difficult to assess whether synapses were enriched in immunoreactive enkephalinase. However, quantification of immunoradioautographs clearly indicated that synaptic specializations were labeled with a frequency lower than that predicted on the basis of a uniform membrane distribution and, hence, that synapses, if anything, were less immunoreactive than nonsynaptic zones of the membrane. It is important to recall in this context that both mu (Hamel and Beaudet, 1987) and delta (Pasquini et al., 1988) opioid receptors radioautographically labeled in the rat neostriatum showed a similar lack of preferential association with synaptic junctions. This similarity, together with the concentration of enkephalinase found here at the level of opioidreceptor-rich striosomes, lends support to the concept that this ectoenzyme is involved in the inactivation of endogenous opioids at their site of action. This is not to say that the same enzyme may not also play a role in the inactivation of other modulatory peptides, such as tachykinins, neurotensin, or angiotensin II, which are known to be present in high concentrations in the mammalian neostriatum (for a review, see Graybiel and Ragsdale, 1983 ) and have been shown to be appropriate substrates for enkephalinase in vitro, though such a role remains to be established.
The mismatch between the distribution of enkephalins and that of opioid receptors in the rat neostriatum (Lewis et al., 1985) together with the predominantly nonsynaptic localization of mu opioid receptors in the rat neostriatum, has led to the hypothesis that opioid peptides might diffuse in the extracellular space to act upon relatively distant receptive targets (Cuello, 1983; Hamel and Beaudet, 1987; Herkenham, 1987) . The present results indicate that if enkephalinase is indeed strategically located to inactivate opioid peptides at their target sites, its widespread distribution on the surface of striatal cells may also hammer their diffusion across large distances and hence damoen this postulated broadcasting effect. Further studies are obviously needed to assess whether this also holds true in other brain areas less richly endowed in enkephalinase than the neostriatum.
